Capsid maturation with large-scale subunit reorganization occurs in virtually all viruses that use a motor to package nucleic acid into preformed particles. A variety of ensemble studies indicate that the particles gain greater stability during this process, however, it is unknown which material properties of the fragile procapsids change. Using Atomic Force Microscopy-based nano-indentation, we study the development of the mechanical properties during maturation of bacteriophage HK97, a λ-like phage of which the maturationinduced morphological changes are well described. We show that mechanical stabilization and strengthening occurs in three independent ways: (i) an increase of the Young's modulus, (ii) a strong rise of the capsid's ultimate strength, and (iii) a growth of the resistance against material fatigue. The Young's modulus of immature and mature capsids, as determined from thin shell theory, fit with the values calculated using a new multiscale simulation approach. This multiscale calculation shows that the increase in Young's modulus isn't dependent on the crosslinking between capsomers. In contrast, the ultimate strength of the capsids does increase even when a limited number of cross-links are formed while full crosslinking appears to protect the shell against material fatigue. Compared to phage λ, the covalent crosslinking at the icosahedral and quasi threefold axes of HK97 yields a mechanically more robust particle than the addition of the gpD protein during maturation of phage λ. These results corroborate the expected increase in capsid stability and strength during maturation, however in an unexpected intricate way, underlining the complex structure of these self-assembling nanocontainers.
H
K97 is a double stranded DNA bacteriophage infecting Escherichia coli. The capsid protein of HK97 has a subunit fold that is shared by phages λ, P22, T4, and phi29, among others, as well as the eukaryotic virus, Herpes (1) . In addition, the maturation pathways of these viruses show similar morphological changes (2) . HK97 provides a unique model system to study capsid maturation, as large quantities of isometric particles can be produced in an E. coli expression system. These particles are expressed without the portal and terminase proteins used for genome packaging, but can be isolated as procapsids and matured in vitro using chemical agents instead of DNA, and maturation can be trapped in various expansion states (3, 4) . In vitro expansion can be effectively induced with a variety of chemical agents, including lowering the pH below 4. The particles expand from the Prohead II (P-II) form, which differs from Prohead I (P-I) by the absence of the 104AA N-terminal polypeptide (termed the Δ-domain) from each subunit (gp5). The Δ-domain is presumed to function in scaffolding capsid assembly (5, 6) . The Δ-domain is cleaved by an internally packaged protease (gp4) upon assembly, allowing the particle transition to the maturation competent P-II particle. During maturation the procapsid, with an average outer diameter of approximately 50 nm, expands into a stable capsid of approximately 60 nm which possesses a twofold thinner shell (7, 8) . In this process the skewed hexons of the P-II rearrange into the symmetrical configuration that characterizes the expansion intermediate (EI) (8, 9) . Upon EI formation, cross-links form covalent isopeptide bonds between lysine 169 on one subunit and asparagine 356 of a different subunit at all threefold axes of the capsid. Each subunit takes part in such a reaction, ultimately resulting in an intertwined cross-link network in the mature Head II (H-II) particle that resembles chainmail. It was shown that upon approximately 60% cross-link formation, the EI particle expands further to the penultimate balloon state, and then finally to H-II. The maturation steps involve massive conformational changes between subunits (4, 8) (Fig. 1) . A recent, crystallographic model of P-II revealed, with near atomic resolution, that twisting and bending of helix and β-sheet domains in the capsid protein occur during maturation (10) . Whereas these results show that the structural basis of capsid maturation is increasingly well understood, the mechanics of this process remain elusive. It is, however, a mechanical model that has been put forward as the hypothesis to explain the need for capsid maturation: i.e., a stabilization of the fragile procapsid (2, 11) . This idea has a long history but it has never been tested in a direct experiment. We examine, here, the mechanical consequences of maturation by Atomic Force Microscopy (AFM) nanoindentation (12) (13) (14) (15) . This technique has developed into a versatile tool to study particle mechanical properties (16) . Such studies have successfully included Finite Element Methods (FEM) and/or full capsid Molecular Dynamics (MD) simulations to analyze the material properties of protein nanocontainers (13, 15, 17, 18) . However, MD simulations of entire capsids are computationally expensive and FEM requires a priori knowledge of the elastic properties. In this work we employed a different method; a multiscale approach combining MD of only the asymmetric unit and normal mode analysis (NMA) of elastic network models (ENM) of the entire capsid (19, 20) . This method allows for ab initio predictions of the mechanical properties, independent from the experimental data and in a computationally efficient way. Using this multiscale method we calculate the Young's modulus of the HK97 particles and compare it to estimates obtained via thin shell continuum elastic theory. Combining these computational approaches with our experimental AFM data on stiffness, material fatigue, and ultimate strength we dissect the complex mechanics of viral capsid maturation and compare the properties of mature HK97 particles with the known mechanical properties of mature phage λ (21, 22) .
Results
To assess the change in material properties of HK97 during maturation we looked at both the prohead states, an intermediate state, and the final matured particle. Before starting experiments we image the viral particles by AFM (23, 24) . The morphologies of the particles in these images, as shown in Fig. 2 , reveal sub-structures and the deposition orientation, and therefore the corresponding symmetry axes upon which indentation experiments were collected. However, the orientation could not be determined for every image, in particular not for the P-I and EI particles. After imaging, the particles are indented by pushing with the cantilever tip in the middle of the particle (16) . Various orientations were sampled and the ensemble of corresponding force-indentation curves (Fig. 3) yield the average particle spring constant and the critical force for breakage during a single, large indentation; i.e., the ultimate strength. Breakage (failure) of the particles is likely the result of fracture or crack formation in the shell, however there are generally two ways that such failure can occur: either by applying a single large force, which yields the ultimate strength of the particle, or by repeated loading at a lower force, which can result in material fatigue (12, 16) .
We studied P-I particles with an inactivated protease (6) as P-I with active protease is a transient, short-lived particle. Comparing P-I and P-II (Fig. 3, Fig. S1 , and Fig. S2 ) shows that the spring constant of P-I (0.018 AE 0.001 N∕m) is much lower than that of P-II (0.12 AE 0.01 N∕m). Moreover, the deformability of P-I is much higher than that of P-II, the indentation at the critical force is 16 AE 2 nm vs. 5.5 AE 0.6 nm, respectively. Maturation of P-II to H-II also goes hand in hand with mechanical changes as is immediately clear by examining the indentation curves shown in Fig. 3 . The linear part of the H-II extends much further than the P-II state. This difference indicates that the H-II state is more resilient to breakage than the P-II state. In Table 1 we summarize the results and demonstrate that despite the increase in diameter of the particle during maturation, the spring constant k does not significantly change going from P-II via EI to H-II. These observations indicate that the Young's Modulus increases during the successive maturation steps. Furthermore, the critical force F crit rises considerably after the onset of maturation. Fig. 4 demonstrates that at the EI state a relatively small number of cross-links have been formed (9, 25) . Nevertheless, the critical force is already at the level of the H-II particle as can be seen in Fig. S3 . However, there is a clear difference in proneness to fatigue, when EI particles are compared to H-II ones. During imaging, a small force is exerted to the particles with the AFM cantilever tip, which for some particles induces material fatigue. We observed, that during high resolution imaging, considerably more EI particles break (>80%) than H-II particles (<10%), indicating that material fatigue is decreased with the formation of a complete set of cross-links. Furthermore, fatigue for P-II was at the same level as for H-II, which shows that the conformational changes that lead to EI makes the particle very fragile which is remedied later by the formation of a full set of cross-links in H-II. Fig. S4 shows an example of fatigue during imaging.
Continuum mechanics theory of the deformation of thin shells provides a relation for the shell's 3D Young's Modulus E by: k ¼ αEh 2 ∕R, with the particle radius R, the shell thickness h and a proportionality factor α (12, 26). For various viral capsids it has been shown that unity is a reasonable estimate for α (12, 13, 27) . The measured values for k are shown in Table 1 . The radius R is calculated by averaging over the entire capsid (16) and h is the thickness of the thinner part of the shell, which yields respectively for P-II, EI, and H-II an R-value of 24, 27, and 28.3 nm and an h-value of 3.2, 2.3, and 1.8 nm (7, 8, 28) . As the capsid proteins of P-I still include the Δ-domain (Fig. 1) , it is not straight forward to compare P-I to the mature states. Still, it can be concluded that the E of P-I will be lower than that of P-II given the thicker shell and smaller spring constant of P-I. For a direct comparison however, we focus on the particles without Δ-domain. Table 1 presents the calculated values of E, showing the gradual increase of E during the course of expansion and maturation.
The thin shell method idealizes the capsid wall as having a homogeneous shape which is not representative of its actual structure. Therefore we also applied a molecular level description using a multiscale approach, including MD, NMA, and ENM, that accounts for the structural heterogeneity of the particle. NMA and ENM have been successful in describing equilibrium fluctuations and large scale conformation changes of proteins (29, 30) and virus capsids (19, 20, (31) (32) (33) . Previous studies have explored a potential pathway for the maturation process of HK97 by employing a coarse-grained description of the capsid from which displacements along the lowest energy icosahedral normal modes were projected onto the displacement vectors describing the difference between the P-II and H-II structures (31, 33) . The employment of ENM and NMA in the current study is fundamentally different in that we are not concerned with describing the maturation structural transition of HK97, but rather are interested with how the maturation process influences the elastic properties of the capsid. To this end, we examine only equilibrium properties of a given structure, namely the energetic parameters relevant to the energy cost of the AFM induced deformations. ENMs are attractive models for studying macromolecular systems because they account for local interactions, but do so with a simplified interaction potential. Nearby atoms in the network are connected via harmonic springs in the ENM. The springs are the only potential terms in the model, making it computational inexpensive. The normal modes of the ENM were determined by diagonalizing a Hessian matrix of the potential energy. The lowest frequency normal modes are low energy modes which characterize the collective and often functional motions of biomolecules (29, 30) . In order to connect a molecular description to the continuum scale it is sensible to focus on the long-wavelength (collective) motions of the system, which are governed by the low frequency normal modes and hence are the modes most relevant to the continuum mechanical properties of the system. However, the magnitude of thermal fluctuations for the ENMbased modes are unknown, and here is where we utilize the multiscale methodology to provide thermal amplitudes based on fully atomic simulations of the capsid. It was recently shown that the AFM nanoindenation deformation is largely characterized by the l ¼ 1 spherical harmonic mode (19) . By examining the equilibrium fluctuations of the capsid surface, the 2D stiffness of the l ¼ 1 deformation mode (Y l¼1 ) can be calculated. The 3D Young's Modulus E is related to Y l¼1 by E ¼ Y l¼1 ∕h, which allows an estimate of E independent from the experimental measurements. We performed the multiscale calculation on P-II, H-II, and Head I (H-I) to investigate the influence of crosslinking.
There are no complete high resolution structures for the P-I or EI particle and therefore we cannot perform the multiscale calculation for these systems. H-I is a particle which contains a mutation to the crosslinking lysine. The lysine is mutated to tyrosine (K169Y) to prevent the formation of cross-links. However the mutant particle can still undergo a structural transition to a state morphologically and structurally similar to wild-type H-II [1.4 Å rmsd of hexamers, 6 Å rmsd of pentamers (34, 35) ]. The calculated Y l¼1 values are 1.3 GPa*nm and 1.6 GPa*nm for P-II and H-II, respectively. Dividing the Y l¼1 values by the shell thickness, we calculate E values of 0.4 GPa and 0.9 GPa for P-II and H-II respectively. These values are in excellent agreement with those obtained from the experimental data. In the case of the cross-link deficient H-I structure we obtained an E-value of 1.1 GPa, which is slightly larger than that computed for H-II but given the simplicity of the ENM these values are very similar, and certainly the effect of stabilizing and strengthening the capsid (relative to P-II) is exhibited by both H-I and H-II. In Fig. 5 , the spherical harmonic spectra are shown for all three structures. The P-II structure has a larger magnitude of the l ¼ 1 mode than either H-II or H-I, indicating that P-II has larger fluctuations in that mode and is therefore softer with respect to an l ¼ 1 (AFM) deformation. In this analysis the mode amplitudes are summed over the m-component of the spherical harmonics, and therefore the l ¼ 1 deformation actually captures two modes (m ¼ 0, 1), the shapes of which are also shown in Fig. 5 . 
Discussion
To describe the mechanical properties of protein shells we investigated the Young's modulus, the breaking force for a single, large deformation and the occurrence of fatigue for multiple small deformations (16) . Both the Young's modulus and the breaking force increase during maturation. The breaking force can be directly deduced from the nanoindentation experiments, but the Young's modulus requires a theoretical and/or modeling approach. We used a combined experimental/thin shell theory approach and a purely modeling approach, based on MD and 2D elasticity theory, to determine the particle's Young's modulus. While these approaches were conducted independently, it is reassuring that they show strong agreement. This correspondence supports the use of thin shell theory and MD/normal mode analysis to determine the 3D Young's modulus of protein shells. In our calculations, the effect of cross-links were evaluated by simulations of H-II and the crosslink deficient H-I structure. Interestingly, the resulting Young's modulus for these two systems was very similar, and both systems were in agreement with E as calculated from the experimental/thin shell theory approach for H-II. These results indicate that the increase in Young's modulus, from P-II to H-II, is mainly a result of the maturation process in general [topological reorganization; e.g., twisting of capsid proteins, among others (10)], but not specifically of the crosslinking. So the question is raised of the role of the cross-links. The Young's modulus does not give the full picture of the mechanical properties of the particle. In particular, E does not address the maximum deformation that the protein shells can withstand. This ultimate strength, where failure occurs, is increased through maturation and likely due to the effect of crosslinking. To examine these observations in detail we compare the mechanics of HK97 with that of phage λ, where no crosslinking occurs. The bacteriophages HK97 and λ are closely related in protein fold and capsid architecture (36) (37) (38) . Both phages possess icosahedral shells with a T ¼ 7l triangulation number and expand during maturation to heads with approximately the same size. It turns out that there are also mechanical similarities, comparing the mature, empty heads of both particles. The spring constant of HK97 is only slightly lower and the breaking force slightly higher than that of phage λ, but both values are the same within the error (21) . One obvious difference between the maturation process of HK97 and λ is the formation, at all threefold axes, of cross-links in the former and the addition of the gpD protein in the latter. These differences apparently play similar roles in stabilizing their respective protein shells (38) . So each phage has followed a different route to provide capsid stabilization, and they result in comparable Young's moduli. However, there is a significant difference in the indentation at breakage: 8.5 AE 0.7 nm for HK97 while for the empty λ particles this is 5.7 AE 0.6 nm (21). Even though we have not revealed the exact molecular mechanism of failure, it indicates that the cross-links in the HK97 capsid result in a particle that can withstand higher deformations than the gpD decorated phage λ capsids. This difference suggests that the crosslinking yields a strong but flexible particle, whereas the gpD-gpE connection inside phage λ yields a comparable elasticity, but a more brittle particle. To summarize, our experiments show that HK97 has found a mechanically more robust solution for capsid stabilization and strengthening than phage λ.
In order to examine whether the whole shell needs to be crosslinked to increase its ultimate strength, we looked at EI particles and evaluated their cross-link state by SDS gel (Fig. 4) . These particles are cross-linked to approximately 50% or less based on visual comparisons to carefully quantified gels of cross-linked particle states done by Lee, et al. (9) . The Young's modulus of these particles is much lower than that of the fully cross-linked H-II particles, but their breaking force is already at the level of H-II (Table 1) . Apparently crosslinking stabilizes the particle but complete crosslinking is to a large extent redundant to resist breakage upon large deformations, as is the case during AFM nanoindentation. However, calorimetric results show that EI denatures at significantly lower temperatures than H-II, indicating that full crosslinking does increase the stability of the particles (39) . These results fit well with the observation that EI breaks after repetitive, small deformations, but that H-II can withstand these repetitive deformations. This observation shows that not the breaking force, but the proneness to fatigue is an indicator for the stability of viral shells that is in accordance with calorimetric data (39). Fatigue on the molecular level occurring in viruses is likely associated with crack formation, as is the case for macroscopic structures (16) . Cracks in viral shells are expected when the protein-protein interaction strength is reduced (40) . Such a process is indeed much more likely for EI than for H-II as in the former approximately 50% of the cross-links still have to be formed.
The Young's modulus of H-II is comparable to the Young's modulus of mature phage λ capsids and the capsid of Herpes Simplex Virus type 1 (21, 41) . However, it is at least three times larger than the moduli of viral shells that self-assemble around the viral genome: for instance the capsids of Cowpea Chlorotic Mottle Virus (CCMV) and Hepatitis B Virus (HBV) (13, 16, 18) . These observations support the hypothesis that capsids of viruses that use a packaging motor for genome encapsidation are stronger than capsids of viruses that encapsidate their genome during the self-assembly process (42) . Interestingly, the Young's modulus of the HK97 P-II particles is comparable to the capsids of CCMV and HBV, which do not undergo a maturation step involving genome packaging. HK97 is of particular interest for maturation studies as its precursor particle can be purified in two different states, P-I and P-II. The increased stiffness of P-II with respect to P-I is likely linked to strong threefold interactions between the hexamers of P-II, which are absent in P-I (6). The Δ-domain in P-I is critical to maintain the weak reversible interactions allowing self-correction during assembly, explaining why P-I can reversibly be associated/dissociated whereas P-II cannot. Our results show that the stability and strength of mature capsids depends on the particle quaternary structure. Strengthening and stabilization requires a maturation process, as is clear by the gradual increase in Young's modulus. Furthermore, the data reveal that particles that have not (yet) undergone a maturation process have a significantly lower Young's modulus. A logical explanation for these results is that the self-assembly process should be reversible, allowing for the correction of any aberrant subunit or capsomer (hexamers and pentamers) additions that may trap the particle in a nonfunctional state. However, for DNA packaging with a molecular motor, involving high forces (43) , the capsid needs to be strong to withstand the inner pressure of the genome (2, 11) and thus relies on a staged assembly and maturation process that transforms the initially weakly connected procapsid particle to the more robust mature capsid.
To summarize, combining our data shows that the maturationinduced changes in the capsid morphology increases the stability and strength of the particles. The presence of the full set of cross-links in H-II makes the particle considerably stronger than mature phage λ and also stronger than the partially cross-linked EI, as it is much less prone to fall apart as a result of fatigue. However, the EI particles are capable of as large deformations as the H-II particles, showing that the resistance against major anisotropic deformations is already existent when only approximately 50% cross-links are available. These data provide direct experimental evidence at the single particle level of the previously hypothesized capsid stabilizing effects of maturation. Our results demonstrate the profound effects of the change in quaternary structure on the flexibility and strength of bacteriophage capsids and likely of capsids of related eukaryotic viruses like herpes.
Materials and Methods
Viral Particles. Expression of the gp5 capsid protein and the gp4 protease was performed in an E. coli T7 expression system and the purification of Roos et al.
PNAS | February 14, 2012 | vol. 109 | no. 7 | 2345 HK97 P-II was performed as previously described (4). P-I particles with inactivated protease were purified as described in ref. 6 . All studied particles are empty (i.e., no genome inside) and they are expressed without the portal and terminase proteins. The substitution of the portal by a regular vertex pentamer is unlikely to measurably affect the mechanical properties as results on Herpes Simplex Virus type 1 and phage phi29 indicate (41, 44). P-II and H-II particles were stored and probed in Buffer A, containing: 20 mM Tris, 40 mM NaCl, 0.02% azide, pH 7.5. P-I were stored and probed in P-I buffer (10 mM Tris-HCl, 50 mM monosodium glutamate, pH 7.5). For the study of EI particles, P-II particles were expanded by diluting them 10-fold in low pH Buffer (50 mM Sodium acetate, 200 mM KCl, pH 3.9, 0.02% azide). Particles were left in this solution overnight at room temperature before AFM experimentation. Experiments on EI were performed in low pH buffer.
Changing the pH has previously been shown to affect the temperature stability of HK97 particles (39) and the mechanical properties of Cowpea Chlorotic Mottle Virus (45) . Therefore the comparison between the results of EI and of P-II and H-II should be considered with care.
AFM. AFM measurements were performed with a Nanotec microscope, using jumping mode for imaging. Olympus OMCL-RC800PSA cantilevers with a nominal spring constant of 0.05 N∕m were used and calibrated by the method of Sader, et al. (46) , yielding an averaged spring constant of 0.056 AE 0.005 N∕m (AESD). All measurements were performed in buffer solution with particles adhered to hydrophobic glass cover slips (12) . The particles were incubated in droplets of 100 μL, at a concentration of approximately 0.1 mg∕mL on the surface for 20 min before the start of a measurement. The height measurements of the P-II particles showed a distribution with peaks below and above 57 nm, indicating that due to the contact with the surface or cantilever some of the particles had partially expanded to a size >57 nm. It was however not possible to deduce to what degree the particles had expanded and this data was discarded. See Fig. S1 for a distribution of the heights of P-II and H-II particles. Molecular graphics images ( Fig. 2 B and D) were made with Chimera software (see Fig. S1 ).
Multiscale Modeling Approach. To generate the equilibrium capsid dynamics representative of a particular temperature, we employ a multiscale approach (20) , in which we construct an ENM, propagate the network along the lowest frequency normal modes, and project the renormalized equilibrium thermal fluctuations onto a spherical harmonic basis. To renormalize the fluctuations in the ENM dynamics, we compute a MD trajectory of the capsid asymmetric unit under icosahedral boundary conditions using all atom force field based molecular models, and project these fluctuations onto the same spherical harmonic basis. The spherical harmonic spectrum from the ENM is then renormalized based on the ratio of the sum of the spherical harmonic coefficients between the MD and ENM simulations. This renormalization ensures that our ENM spectrum is scaled to the appropriate thermal scale. The initial configurations of the asymmetric units for the MD simulations were taken from the crystal structures in the VIPER database (47) (P-II:3e8k; H-II:1ohg, H-I:2fs3). These structures were energy minimized and then equilibrated at 300 K, using the GBSW implicit solvent model (48) under icosahedral boundary conditions (49) . The CHARMM simulation package and CHARMM19 force field were utilized to perform the MD simulations (50) . To include the effects of crosslinking in H-II, adjacent protein units in the structure were cross-linked by introducing bonds, angle, and torsional terms between the side chains of the appropriate residues (K169 and N356). These interactions occur between the asymmetric unit which is being explicitly simulated and neighboring (image) proteins, and the force field terms were modeled after the terms describing the peptide backbone. All systems were equilibrated for 10 ns, production simulations were conducted for at least 9 ns for all systems. The magnitude of the equilibrium fluctuations were calculated by performing block averaging over 4 ns blocks of data; the blocks were offset by 1 ns. There were seven blocks used for P-II and H-I and six blocks for H-II, for which we had slightly less production simulation data.
The ENM models were constructed from the average structure of the production MD simulations. The icosahedral symmetry operators were imposed on the asymmetric unit to construct the full capsid structure. The ENM models consisted of only heavy (nonhydrogen) atoms and the rotation-translation of blocks method (51) was used to determine the normal modes of the system. In this method, segments of the structure are treated as rigid units, we chose to make two consecutive residues a rigid unit in our analysis. The networks were propagated along the 999 lowest frequency modes (excluding the first six modes which correspond to rigid body motions), to construct a trajectory long enough to observe approximately 20 oscillations of the slowest modes.
